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Computer Simulation of Native Epidermal Enzyme
Structures in the Presence and Absence of Hydrogen
Peroxide (H2O2): Potential and Pitfalls
Nicholas C.J. Gibbons1,2, John M. Wood1, Hartmut Rokos1,2 and Karin U. Schallreuter1,2
The human epidermis is especially vulnerable to oxidative stress, which in turn leads to oxidation of important
antioxidant enzymes, other proteins, and peptides. Molecular dynamic computer modelling is a new powerful
tool to predict or confirm oxidative stress-mediated structural changes consequently altering the function of
enzymes/proteins/peptides. Here we used examples of important epidermal antioxidant enzymes before and
after hydrogen peroxide (H2O2)-mediated oxidation of susceptible amino-acid residues (i.e. tryptophan,
methionine, cysteine, and selenocysteine), which can affect enzyme active sites, cofactor binding, or
dimerization/tetramerization domains. Computer modelling predicts that enzyme active sites are altered by
H2O2-mediated oxidation in thioredoxin reductase (TR) and acetylcholinesterase (AchE), whereas cofactor
nicotinamide adenine dinucleotide phosphate (reduced form) binding is affected in both catalase and TR but
not in glutathione peroxidase. Dimerization is prevented in catalase. These structural changes lead to impaired
functionality. Fourier transform-Raman- and Fluorescence spectroscopy together with enzyme kinetics support
the results. There are limitations of modelling as demonstrated on the AchE substrate-binding domain, where
the computer predicted deactivation, which could not be confirmed by enzyme kinetics. Computer modelling
coupled with classical biochemical techniques offers a new powerful tool in cutaneous biology to explore
oxidative stress-mediated metabolic changes in the skin.
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Editor’s Note
Henry JH Fenton first noted reactive oxygen species (ROS)
in 1876. In 1900 Moses Gomberg isolated an organic free
radical, but the role of free radicals in biology was not
appreciated until Gershman and Gilbert proposed oxygen-
free radicals might be responsible for radiation damage.
(Science 1954; 199:623). In 1956, Harman Denham
proposed that aging was due to accumulated damage from
free radicals resulting from the reaction of cellular
molecules and free oxygen catalyzed by oxidative enzymes
(J Gerontol 1956; 11:298–300). Despite these observations,
the role of ROS in ‘normal’ disease processes was not
widely accepted. The discovery by Fridovich and McCord
that most cells could eliminate free radicals was taken to
confirm the presence of ROS in cells and the tight
regulation of oxidative events in the cell (J Biol Chem
1969; 244:6049–55), leading to interest in the role of ROS
in proteins and cells. Owing to its exposure to potent
oxidants like UV light and other environmental agents, the
role of oxidants and free radicals is significant in skin, and
is thought to be important in inflammation, cancer, and
aging. Here, Bickers and Athar review the role of ROS in
skin and the potential of antioxidants to regulate these
events. Next, Schallreuter et al describe how computer
modelling may predict damage by ROS to important
cellular enzymes and how this tool may be useful in
exploring the pathogenesis of disease and designing new
ways to manage oxidative damage in the skin. These
articles provide a foundation on the role of ROS in normal
skin biology, in diseases and perhaps in the design of new
treatments.
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Generation of reactive oxygen species
from molecular oxygen
The human epidermis is a special target
for oxidative stress owing to its constant
exposure to high levels of reactive
oxygen species (ROS) produced by
physical, chemical, and biological re-
actions in the milieu exterior and
interior (Schallreuter, 2005b). How-
ever, oxidative stress occurs only when
the rate of ROS generation exceeds the
capacity of the cell for their removal.
The effect of H2O2 depends on its
concentration ranging from deleterious
protein deactivation at high concentra-
tions (103 M) of this ROS to induction
of transcription and enzyme activation
at low (106 M) concentrations (for
review see Schallreuter et al., 2005a).
As accumulation of H2O2 in the human
epidermis can be as high as in the
103 M range as shown in vivo and in
vitro in patients with vitiligo, we
followed the effect of this specific
ROS on selected protein structures of
the antioxidant defence enzymes cata-
lase, thioredoxin reductase (TR), the
glutathione reductase/glutathione/glu-
tathione peroxidase system. Moreover,
we included acetylcholinesterase
(AchE) as one example to show the
pitfalls of computer modelling (Schall-
reuter et al., 1999, 2004).
In this review, we focus on the use
of computer simulation to follow the
influence of H2O2-mediated oxidation
on enzymes containing special target
amino acids such as methionine (Met),
tryptophan (Trp), cysteine (Cys), and
selenocysteine (Sec) which are known
to be sensitive to oxidation by ROS.
The effect of H2O2-mediated oxidation
on enzyme active sites, cofactor bind-
ing domains and secondary structures
in three-dimensional – tertiary structure
models to predict/confirm deactivation/
inhibition of each enzyme. Moreover,
we show that computer modelling
needs to be backed up with other
experimental data, for example, with
enzyme kinetics, in vivo and in vitro
FT–Raman and fluorescence spectro-
scopy as well as in situ and in vitro
immunofluorescence analysis.
Fourier transform (FT)-Raman spec-
troscopy can be utilized to follow in
vivo and in vitro the oxidation of Met/
Cys/Sec residues to their oxidation
products in the protein of interest
(Figure 1a and b) whereas oxidation
of Trp residues can be followed by
Fluorescence spectroscopy (Figure 1c).
Modelling of H2O2-mediated structural
changes in proteins
Understanding enzyme activity in-
volves many different complex ana-
lyses depending on the question of
interest. Clearly an important decision
is the choice of the method to get the
right answer.
Computer-assisted modelling can
provide a unique insight into enzyme
structure and mechanisms. Conse-
quently a new field of computational
enzymology has emerged with the
potential to develop predictive and/or
confirming models, which in turn can
be an important tool to assist in the
final analysis/interpretation of other
experimental data.
MATERIALS AND METHODS
Before molecular dynamic structural mod-
elling can be performed to follow H2O2-
mediated protein oxidation, it is mandatory
that the X-ray structure of the protein is at
the Protein Data Bank (www.rcsb.org) and
that biochemical/chemical expertise and
computer modelling skills are available.
All enzyme structures were studied by
utilizing Hyperchem simulation (Hyper-
Cube Inc., Gainesville, FL) to explore the
effect of H2O2-mediated oxidation on Met,
Trp, Cys, and Sec residues in the protein
sequence, followed by minimization in
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Figure 1. Confirmation of H2O2-mediated oxidation of Met, Cys, and Trp residues by FT-Raman
spectroscopy and Fluorescence spectroscopy. (a) H2O2-mediated oxidation of Met to methionine
sulfoxide in catalase using FT-Raman spectroscopy. Solid FT-Raman spectra were obtained with a Bruker
RFS 100/S (Bruker, Karlsruhe, Germany) equipped with a Nd3þ :YAG laser (1064 nm) and a germanium
detector cooled with liquid nitrogen. Two thousand scans were collected in 34 minutes at a laser power
of 0.2 W. The formation of methionine sulfoxide is observed at 1020 cm1 which is in agreement with the
assigned peak (Lin-Vien et al., 1991). (A) Native catalase (—), (B) catalase after oxidation with 30% H2O2
(—). Note the increase of SO confirming the formation of methionine sulfoxide from methionine. (b)
H2O2-mediated oxidation of Cys residues in albumin using FT-Raman spectroscopy. Oxidation of
albumin reveals cysteic acid as shown by the appearance of the SO-stretch at 1040 cm1. The same peak
occurs with a standard of cysteic acid. a¼ () native albumin; b¼ () peracid oxidized albumin; c¼ (y)
cysteic acid standard (Rokos et al., 2004; Hasse et al., 2005). (c) Fluorescence excitation spectra of the
Trp residues in rh AchE at a lmax 280 nm before and after oxidation with 2 103 M H2O2. The decrease
of the peak over time is in agreement with partial H2O2-mediated oxidation of the Trp residues in AchE
(Schallreuter et al., 2004).
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H2O using either the Amber or MM Force-
field software and by Deep View analysis
(Swiss Institute of Bioinformatics, Lausanne,
Switzerland). Minimization allows the de-
termination of the precise three-dimen-
sional-structure in water-soluble (globular)
proteins providing the most thermodynamic
stable structures before and after oxidation.
This process is part of the Hyperchem
software. Deep view analysis allows a
stereo view of the three-dimensional-pro-
tein structure. All X-ray crystal structures
were compared before and after H2O2-
mediated protein oxidation. In order to get
a better insight into possible effects on the
outcome of enzyme activities, special em-
phasis was given to elucidate enzyme active
sites, cofactor binding sites, and dimeriza-
tion/tetramerization domains under these
conditions.
Structural computer simulation of H2O2-
mediated oxidation of Met and Trp
residues in catalase predicts inhibition
and deactivation of this important
enzyme
Catalase (EC 1.11.1.6) is highly expressed in
the human epidermis. It is the major
antioxidant enzyme to disproportionate
H2O2 to H2O and O2. Catalase is a
tetrameric enzyme. Each monomer has
one heme group containing a porphyrin
ring with an iron active site. The monomer
has a central beta barrel, the threading arm,
and wrapping loop which are both impor-
tant in the tetramerization process. More-
over, a helical domain is situated on one
side of the beta barrel (Fita and Rossmann,
1985; Fita et al., 1986; Putnam et al., 2000).
Each monomer contains nine Met and six
Trp residues in its sequence (Putnam et al.,
2000). H2O2-mediated oxidation of these
Met and Trp residues to methionine sulf-
oxide and 5-hydroxy-tryptophan by H2O2,
respectively, causes significant conforma-
tional changes in the tertiary structure of
each monomer shifting the backbone struc-
ture of the enzyme. Moreover, alteration of
the secondary structure yields partial dele-
tions of a-helices and b-pleated sheets
(Figure S1).
H2O2 does not affect the protein
structure in the active site of catalase.
One important part of enzyme function is to
explore whether the active site could be
affected by oxidation of critical residues.
The active site of catalase is located within
the central beta barrel of the enzyme close
to the heme porphyrin ring containing
several residues susceptible to oxidation
by H2O2. However, simulation of H2O2-
mediated oxidation revealed only minor
structural changes in the active site binding
helix (data not shown). Several other
residues are important in the catalytic
mechanism (Putnam et al., 2000). These
include His75 and Asn148, which are pro-
posed to be involved in binding and
promoting H2O2 cleavage by the heme
active site together with residues in the
charge relay network consisting of His218,
Asp348, Arg354, and the heme coordinating
ligand Tyr358 assisting in catalysis by con-
trolling the electron potential of the heme
group. Three other Arg residues (Arg72,
Arg112, and Arg365) complex the propionic
acid carboxylate groups of the porphyrin
ring via salt bridges to further assist cata-
lysis. Comparison of all these residues in the
native and oxidized structures shows little
difference in their positions (data not
shown). The crucial H-bonding and salt
bridge interactions remain intact, suggesting
that oxidation by H2O2 does not directly
affect the active site domain of catalase
except for its potential to oxidize the FeIII
center to FeV (compound I) (Kirkman
et al., 1999).
H2O2-mediated oxidation alters se-
verely the cofactor-binding site of
catalase. Decreased activity of catalase
after H2O2 oxidation was already reported
in 1965 and later confirmed by other groups
(Aronoff, 1965; Kirkman et al., 1999;
Schallreuter et al., 2004; Maresca et al.,
2006). This decrease was attributed to
oxidation of the porphyrin ring as well as
to Met and Trp residues in the tetrameriza-
tion domain. However, the specific cofac-
tor-nicotinamide adenine dinucleotide
phosphate (reduced form) (NADPH)-bind-
ing site which is located in a cleft on the
surface between the beta barrel and the
helical domain had not been studied until
1980s (Kirkman and Gaetani, 1984; Fita and
Rossmann, 1985; Fita et al., 1986; Kirkman
et al., 1999).
In this context it is noteworthy that
NADPH protects the enzyme against inacti-
vation by H2O2. Homeostatic maintenance
of catalytic activity can be viewed as a
balance between H2O2 and NADPH con-
centrations where an excess of H2O2 would
keep the porphyrin ring in the inactive forms
of compounds II and III long enough for
H2O2 to foster oxidation of Met and Trp
residues in the protein sequence as well as
the porphyrin ring itself (Aronoff, 1965;
Deisseroth and Dounce, 1970; Schonbaum
and Chance, 1976; Kirkman et al., 1987,
1999; Hillar et al., 1994; Lardinois, 1995).
A closer look shows that the binding
cleft for NADPH consists of nine hydrogen
bonds from eight amino-acid residues
(His194, Ser201 Arg203, Asn213, Lys237,
Trp303, His305, and Gln442) and interactions
from several hydrophobic residues (Pro151,
Val302, Phe446, and Val450, not shown)
(Putnam et al., 2000) (Figure 2a). Oxidation
of Trp and Met residues around the binding
site (Trp143, Met181, Trp183, Trp186, Met212,
not shown) and also of Trp303 itself causes
severe weakening of the NADPH-binding
site resulting in the loss of five H-bonds
from His194, Arg203, Lys237, His305, and
Gln442 together with compromised hydro-
phobic interactions (Figure 2b). Computer
simulation indicates that oxidation of the
NADPH-binding domain is expected to
cause a weakened affinity of catalase for
NADPH, permanently shifting the equili-
brium between NADPH and H2O2 towards
H2O2 yielding a predicted mechanism for
the complete inactivation of the enzyme.
H2O2 affects tetramerization of cata-
lase. Functioning catalase requires first
dimerization of the enzyme monomers
followed by teramerization of the dimers.
Catalase monomers contain two regions
that are involved in the formation of the
dimer. The threading arm is situated at the
N-terminal of the enzyme (residues 1–70)
and the wrapping loop is formed by residues
1–70, 380–440 (Putnam et al., 2000) (Figure
S1). In the case of dimerization the thread-
ing arm of one monomer passes around the
wrapping loop of the other monomer, with
the threading arm and the wrapping loop
held together by a variety of H-bonding
interactions, some between the backbone
amide, and carbonyl groups, with others
between charged and polar groups, and
some between charged/polar groups and
the peptide backbone (Figure S2). These
dimers form tetramers, burying the heme
iron active site in the hydrophobic core of
the tetramer which is important for the
prevention of OHK formation by the
Fenton-reaction occurring if the heme ac-
tive site is exposed (Reid et al., 1981;
Putnam et al., 2000). Several Met and Trp
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residues in both the threading arm (Met12,
Trp15, and Met61) and the wrapping loop
(Met392 and Met394) are susceptible to
H2O2-mediated oxidation potentially affect-
ing dimerization of catalase. In fact H2O2-
mediated oxidation of Met and Trp residues
in the threading arm and the wrapping loops
of each catalase monomer predicts confor-
mational changes in the wrapping loops and
threading arms causing the tetramer to fall
apart (Wood and Schallreuter, 2006). The
resulting exposure of the heme porphyrin
ring generates OHK via H2O2 reacting with
the heme iron atom leading to further
oxidation of amino acids and also oxida-
tion with cleavage of the porphyrin ring,
finally completely deactivating the enzyme
(Aronoff, 1965).
FT-Raman spectroscopic analysis con-
firmed oxidation of Met to methionine
sulfoxide in catalase (Maresca et al., 2006).
Figure 1a shows the FT-Raman spectrum of
the native and oxidized enzyme.
In summary, catalase is severely affected
by its own substrate H2O2 leading to
enzyme deactivation owing to both the lack
of NADPH-cofactor binding and lack of
enzyme tetramerization (Wood and Schall-
reuter, 2006). The mechanism of this
deactivation can be predicted by computer
simulation following the effect of H2O2 on
the structure of the enzyme.
H2O2 deactivates the important anti-
oxidant enzyme TR via oxidation of
Met, Trp, Cys, and Sec residues in
the enzyme active site and in the
NADPH-cofactor-binding domain, but
does not severely affect glutathione
peroxidase
Next we have chosen (EC 1.8.1.9, TR) as
one example where in addition to H2O2-
mediated oxidation of Met and Trp residues
Cys and Sec residues in the active site of the
enzyme cause a loss of function for the
reduction of H2O2.
The presence of epidermal TR and its
electron acceptor thioredoxin has been
recognized more that 20 years ago. Besides
playing a major role in cell division via
ribonucleotide reductase, TR is one of the
major antioxidant defence mechanisms
present on the cell membrane, the cytosol
and in the nucleus of epidermal cells
(Nordberg and Arner, 2001). Moreover, this
system is the specific electron donor for the
thioredoxin peroxidases and the methionine
sulfoxide reductases A and B. The latter
enzymes are important in repair of Met
oxidation (Nordberg and Arner, 2001; Kim
and Gladyshev, 2004; Neiers et al., 2004;
Ogawa et al., 2006; Schallreuter, 2006;
Schallreuter et al., 2006).
Mammalian TRs are dimeric enzymes,
with a molecular weight of about 55 kDa
(Nordberg and Arner, 2001). Each monomer
of a TR dimer consists of three separate
domains. These are the flavin adenine
dinucleotide (FAD)-binding domain, the
NADPH-binding domain and the interface
domain (Sandalova et al., 2001) (Figure S3).
The enzyme’s active sites consist of a
disulfide bridge between two cysteine re-
sidues, Cys59 and Cys64 located in the FAD
domain, and a selenenylsulfide bridge
between a Sec residue and a Cys residue,
(Cys497 and Sec498), located in the interface
domain, at the end of the C-terminus
(Sandalova et al., 2001). TR active sites
are located at the interface between two
monomers where one monomer contributes
to the Cys59–Cys64 disulfide bridge and the
other to the Cys497–Sec498 bridge. Conse-
quently, dimerization is essential for en-
zyme activity. Each monomer of TR
contains seven Met and six Trp residues.
Several Met residues and one Trp are close
to the FAD- binding domain or to the
Cys59–Cys64 disulfide bridge (Met39, Trp53,
Met70, and Met114). Three Met residues are
close to the NADPH-binding site residues
(Met219, Met232, and Met240). In addition to
the Met and Trp residues, the Sec residue in
the C-terminal can also be oxidized by
H2O2, converting the selenohydryl group to
seleninic acid (SeO2
) (Odom, 1983).
Computer simulation predicts that oxi-
dation of Met and Trp residues to methio-
nine sulfoxide and 5-hydroxy-tryptophan
significantly affects TR in several domains
(Figure S4a and b). Computer modelling
after H2O2-mediated oxidation of the glu-
tathione peroxidase structure did not yield
any significant alteration (data not shown).
Gin 442 His 194
His 305
Lys 237
Asn 213
Ser 201
NADPH
Arg 203
Asn 213
Arg 203
Trp 303
5-
-
OH Trp 303
NADPH
Ser 201
a
b
Figure 2. Close-up view of the NADPH-binding domain of catalase in the (a) absence and (b) presence
of H2O2-mediated oxidation. The oxidation of Trp and Met residues in the catalase monomer
significantly weakens the structure for NADPH complexation. The displacement of His194, His305, Lys237,
Gln442, and the partial displacement of Arg203 reduces the number of H-bonds from nine to four yielding
an unstable binding site after oxidation.
www.jidonline.org 2579
NCJ Gibbons et al.
Computer Simulation of Native Epidermal Enzyme Structures
H2O2-mediated oxidation of the co-
factor NADPH-binding domain in TR
severely affects its structure suggesting
enzyme inhibition/deactivation. In TR
the cofactor NADPH is bound mainly via H-
bonds to two Arg residues and one Ser
(Arg221, Ser222, and Arg226) which complex
to the extra phosphate attached to the ribose
ring of NADPH (Sandalova et al., 2001)
(Figure S3). In addition there are other
interactions, mostly notably aromatic stack-
ing from a conserved tyrosine residue,
Tyr200 (Biterova et al., 2005). Oxidation of
Met residues near the NADPH-binding
site causes a shift of the residues Arg221,
Ser222, and Ser226 away from their normal
positions in the native enzyme, resulting in
elimination of their H-bonds to NADPH
predicting either a severe decrease or
complete abolishment of enzyme activity
(Figure 3).
Oxidation of the FAD-binding domain
by H2O2 predicts cofactor stabiliza-
tion. The second cofactor is FAD which is
tightly bound by numerous H-bonds and is
stacked against the disulfide bridge
of Cys59–Cys64 (Sandalova et al., 2001).
Oxidation of Met and Trp residues affects
the FAD-binding site but H-bonding to
FAD seems to be increased as a result of
oxidation with at least two more H-bonding
residues to FAD suggesting an increased
affinity for the cofactor (data not shown).
Oxidation of the Sec residue in the
C-terminal tail of TR results in a major
conformational change of the enzyme
active site and transcriptional signal
Examination of H2O2-mediated oxidation of
the Sec residue to seleninic acid on the
highly mobile C-terminal tail of the enzyme
has a 2-fold effect on the enzyme leading to
both active site inhibition and to increased
transcription of TR itself (Nordberg and
Arner, 2001) (Figure 4).
In summary, the computer simulation of
TR indicates deactivation of the active site
owing to oxidation of Cys and Sec residues
and severe alteration of the cofactor
NADPH-binding domain via Met and Trp
oxidation whereas the FAD binding is not
affected. The result is in agreement with
the observation that TR via oxidation of Sec
in the C-terminal of the active site serves
as transcriptional flag (Nordberg and Arner,
2001).
Computer simulation predicts deactiva-
tion of AchE by H2O2-mediated oxidation
of Trp residues in the enzyme active site
as well as in the substrate-binding site
The presence of autocrine acetylcholine
synthesis/degradation and signal transduc-
tion in the human epidermis has been
documented extensively (for review see
Grando et al.(2006)). Only recently it was
demonstrated in situ in the epidermis of
patients with vitiligo and by detailed
kinetics with pure enzyme as well as by
Fluorescence spectroscopy that (EC 3.1.1.7,
AchE) is inhibited by H2O2, leading to a
build-up of acetylcholine in the skin of these
patients (Schallreuter et al., 2004).
In this case computer simulation pre-
dicted that H2O2-mediated oxidation of
Trp432, Trp435, and Met436 residues in the
enzyme structure leads to deactivation of
the enzyme active site (Figure 5a and b).
Detailed enzyme kinetics with pure enzyme
confirmed indeed this deactivation (Schall-
reuter et al., 2004).
However, simulation of H2O2-mediated
oxidation of Trp84 in the substrate-binding
site of AchE indicated also deactivation of
the enzyme (Figure 5c), but this prediction
could not be confirmed by enzyme kinetics
under the experimental conditions used.
This result demonstrates that computer
modelling can fail (Schallreuter et al.,
2004). The discrepancy between the model
and the kinetic analysis is most likely based
on the hydrophobic environment present in
the deep aromatic gorge of the binding
domain which prevents H2O2 oxidation of
the Trp84 residue in loco (Schallreuter et al.,
2004).
In summary, oxidation of Met and Trp in
the active site of AchE supports the docu-
mented loss of enzyme activity. Oxidation
of the substrate-binding site as predicted
does not occur in vivo because the Km stays
unchanged using enzyme kinetics with
human recombinant AchE (Schallreuter
et al., 2004).
Challenges and pitfalls of computer
modelling. In this article we have chosen
four epidermal enzymes as examples to
explore the influence of H2O2-mediated
oxidation on Met, Trp, Cys, and Sec
residues in the protein structures. Special
attention was given to the enzyme active
site, cofactor binding domain, or structures
important in the dimerization/tetrameriza-
tion process. For this purpose we utilized
the published tertiary structure of the
enzymes from the Protein Data Bank
introducing computer modelling with Hy-
perchem software, minimization of the
structure in H2O and Deep View analysis.
The chosen enzymes catalase, TR, and
glutathione peroxidase are of major impor-
NADPH
Arg 226
Arg 221
Ser 222
Figure 3. Close-up view of the NADPH-binding
domain of TR in the absence (blue) and presence
(red) of H2O2. It should be noted that Arg
221,
Ser222, and Arg226 are critical residues in the
NADPH-binding site and these are no longer H-
bonded to the cofactor after oxidation by H2O2.
This result predicts loss of enzyme activity.
SeCys 498
(Se–)
SeCys 498
(SeO2–)
Figure 4. H2O2-mediated oxidation of Sec in the
C-terminal tail of TR enzyme active site. Sec498 is
the penultimate residue of the C-terminus of TR,
which is essential for enzyme activity. The
structure of the native enzyme is presented in
blue, the oxidized enzyme in green. Sec498 is
oxidized from the native state as a selenolate
anion (Se) to seleninic acid SeO2
 with a
significant change in the conformation of the C-
terminal tail. This change yields a transcription
flag for TR (Nordberg and Arner, 2001).
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tance in the redox homeostasis of the
epidermal compartment. In fact catalase
degrades H2O2 (2H2O2-2H2OþO2)
whereas TR and glutathione peroxidase
reduce this ROS to H2O (Nordberg and
Arner, 2001). Here it is important to note
that all three enzymes are major antiox-
idants against H2O2-mediated stress but
importantly catalase and TR are also subject
to deactivation/inhibition by their own
substrate H2O2 (Nordberg and Arner, 2001).
Based on the structural modelling to-
gether with FT-Raman spectroscopy we
demonstrate deactivation of both enzymes
in the presence of H2O2 owing to oxidation
of Met, Trp, Cys, and Sec residues in
different domains of the protein. We also
demonstrate that computer simulation can
fail as shown in the substrate binding
domain of AchE, underlining the impor-
tance of additional experimental data for
final analysis. The model predicted a large
increase in the Km value of the enzyme
owing to major conformational change
(Figure 5c), but enzyme kinetics revealed
that the Km remained unchanged compared
to the native enzyme (Schallreuter et al.,
2004). This example demonstrates one pit-
fall of structural modelling.
Can computer simulation serve as a
useful tool in the management of oxida-
tive stress-related skin disorders?
Over the past vitiligo has been more and
more recognized as a model disease for
H2O2-mediated oxidative stress (Schallreuter,
2005a). Here it was repeatedly shown in
vivo and in vitro that H2O2 levels are indeed
deactivating epidermal catalase and TR as
well as AchE in these patients. Moreover, it
was shown in the same patient group that
epidermal albumin and the proopiomelano-
cortin peptide b-endorphin are also affected
by oxidation of Met and Trp residues in their
structure (Rokos et al., 2004; Hasse et al.,
2005; Spencer et al., 2006). In this context it
was demonstrated that enzyme and protein/
peptide repair is achieved after topical
application of a narrowband UVB-activated
pseudocatalase Karin U Schallreuter (PC-
KUS) (for review see Schallreuter (2005a)).
In fact it was observed in vivo and in vitro
that reduction/removal of epidermal H2O2
by this approach coincides with repigmenta-
tion in patients with vitiligo (Schallreuter
et al., 1995). This treatment modality has
also been used with some success in patients
with Xeroderma pigmentosum (Schallreuter,
1999). Here it was shown that the applica-
tion of PC-KUS significantly reduced the
numbers of actinic keratoses as well as basal
cell carcinoma. Earlier a defective catalase
was indeed shown in epidermal keratino-
cytes of these patients supporting the clini-
cal observation (Vuillaume et al., 1983;
Schallreuter et al., 1991). Interestingly the
removal of epidermal H2O2 by pseudocata-
lase PC-KUS yielded also a recovery of
oxidized enzymes in the blood (Hasse
et al., 2004).
The effect of H2O2-mediated oxidation
in the epidermis is expected to affect many
more proteins/peptides and possibly recep-
tors, transcription factors, and cytokines.
Taking into consideration that H2O2-
mediated stress has been implicated in both
chronological and photoaging as well as in
wound healing, it seems tempting to spec-
ulate that the effect of ROS on antioxidant
enzymes as well as on other structures
could clearly target those sensitive Met,
Trp, Sec, and Cys residues dependent on the
ROS levels. A more detailed insight into
these alterations can be provided by mole-
cular computer modelling. However, the
data need to be backed up by additional
methods to exclude errors as shown on the
example of AchE.
In the hands of experts this tool offers a
very powerful addition in understanding of
oxidative stress-mediated effects in skin
biology and consequently in the manage-
ment of various skin conditions including the
development of novel treatment modalities.
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c
Figure 5. Deactivation of AchE by H2O2. (a) Deep View analysis of the native enzyme active site. The
catalytic triad of Glu327, His440, and Ser200 is shown in relation to bound acetycholine (Ach), the specific
substrate of the enzyme. b-Pleated sheets are depicted in green and important a-helices in yellow. There
are two important Trp residues, Trp432 and Trp435 close to the active site residue His440. (b) Oxidation of
the catalytic triad. After oxidation of Trp432 and Trp435 to 5-OH Trp residues, the catalytic triad is
disrupted owing to His440 moving away from the bound Ach to a distance that predicts to inhibit proton
transfer. Native enzyme (green, with Trp in dark blue), H2O2 oxidized enzyme (red, with 5-HO-Trp in
yellow). This result was confirmed by enzyme kinetics (Schallreuter et al., 2004). (c) The model predicts
oxidation of the enzyme substrate-binding site. The conversion of Trp84 (dark blue) to 5-OH-Trp84
(yellow) disrupts the Ach-substrate binding site predicting deactivation. However, this oxidation reaction
could not be supported by enzyme kinetics (Schallreuter et al., 2004).
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SUPPLEMENTARY MATERIAL
Figure S1. Effect of H2O2 on the native structure
of a human catalase monomer.
Figure S2. Tetramerization of catalase is disrupted
after oxidation.
Figure S3. Quaternary structure of the TR active
site.
Figure S4. H2O2-mediated oxidation of the TR
monomer.
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